The 27kD zein storage protein locus in many Inbred lines of maize consists of a tandem duplication of 12kb, with an expressed gene In each repeat, termed A and B. A single-copy allele with only the A gene can be generated from this duplication in particular stocks of the maize inbred line A188 by a mitotlc process that includes a crossover at the 3' regions of the two genes (1). Here, we characterize a second single-copy allele with only the B gene, found In different stocks of A188. This allele arises from a homologous recombination at the highly conserved 5' regions of the two repeats, and cloning and sequencing of this allele define the crossover region. The A and B genes In the duplicated allele were previously shown to be expressed at different levels; this difference remains unchanged in either recombinant allele. Therefore, the crossover points of these two recombinant alleles define the borders of cis-acting sequences responsible for the differential expression of the two genes.
INTRODUCTION
The genes for the zein storage proteins of maize are among the best characterized plant genes and extensive sequence and mapping data have been accumulated for these genes (2) . Since they are the major protein components of the maize endosperm and are thus of economic importance, considerable information has also been obtained at the protein level. Significant variation in the composition profiles of zeins has been observed among commonly used inbred lines (3) . Since most of these inbred lines are of related lineage and represent a relatively small genetic pool (4), this variation suggests mechanisms effecting quantitative and qualitative changes in the expression of these genes.
Zeins can be divided into two classes based on their genetic organization. The more abundant zeins, zl, are encoded by a large multigene family, which may include up to a hundred genes in total (2) . As for most multigene families, unequal crossovers and gene conversion (5) have been suggested to be the major influences on the evolution of these genes (6) . The less abundant zeins, z2, are encoded by only one or two genes for each molecular weight class (7, 8, 9) . One of these, the 27kD zein, has been extensively studied in our laboratory.
Some inbred lines of maize carry the 5 or standard allele of the 27kD zein locus, which has two genes within tandem repeats of 12kb (9) . Figure 1 shows a restriction map of the duplicated 5 allele in A188, with the 12kb repeats, designated A and B, drawn on separate lines to illustrate their homology (9, 13) . Each repeat contains an expressed copy of the gene, shown by an open box, and the B repeat contains a unique 1.8kb insertion 3' of the coding region. The S alleles in the maize inbred lines W22 and W23 are very similar to the one in A188 (9, 10) . Sequence comparisons of the 5 alleles of A188 and W22 indicate copy correction mechanisms that probably operate by gene conversion, which have preserved sequences during the evolution of this allele (10) . It is interesting that these copy correction processes introduce different polarities of sequence conservation that originate from the same crossover region as described below for the Ra recombinant allele (10) .
There are many stocks of A188 which are homozygous for the duplicated S allele (Das and Messing, unpublished data). However, particular stocks were found to contain a single-copy allele generated by a two step process consisting of a homologous crossover 3' of the coding sequences and a second rearrangement, which may be a deletion, insertion or inversion, at the 5' flanking sequence (1) . Since this leads to the deletion of the B gene, but leaves the A gene intact, we called this recombinant allele Ra. Surprisingly, this process can occur during the development of the plant rather than during meiosis (1). Since plants do not have a germline, the product of such a mitotic event can be inherited. Since the same rearranged allele has been found in other maize inbreds, mitotic recombination may provide an alternate mechanism for genetic diversity.
Although the A and B coding sequences are very conserved between W22 and A188 (10), two differences, being only 9bp apart, allowed for the construction of mRNA specific oligonucleotide probes. Using these probes we were able to show that B mRNA accumulated to 2.5-fold higher levels than A mRNA for the 5 allele (9). Accumulation of mRNA from the A gene of the Ra allele appeared to be the same as from the A gene of the duplicated allele (9) . Since endosperm tissue is triploid, with one copy of the paternal genes and two of the maternal genes, we could demonstrate gene dosage for B mRNA in reciprocal crosses of Ra and 5 alleles. In this report, we describe the expression and structure of a second allele of this locus (termed Rb for recombinant with the B gene) that has been found in different A188 stocks.
MATERIALS AND METHODS

Maize stocks
A188 stocks used for the experiments described were all obtained from Dr.Ronald Phillips of the University of Minnesota, St Paul, MN. Some of these were homozygous for the S allele and others were segregating for S and Rb, but none carried Ra. Two other stocks, obtained from Dr. Burle Gengenbach, also of the University of Minnesota and from Molecular Genetics Inc., Minnetonka, MN, carried only the Ra and 5 alleles, and not the Rb allele (1).
Isolation and analysis of DNA and RNA Self-pollinated A188 plants were harvested at days 8, 10, 12, 14, 16, 18, 20, 22, 24 and 28 after pollination, with one ear harvested for each time point. Immature endosperms were manually separated from embryos and frozen away at -70°C. DNA and RNA were isolated from frozen endosperms as described (11) . For Fig. 2 , 10 /tg per well of RNA from pooled endosperms from individual ears was loaded on slot blots, and for Fig. 3 , a tenth of the RNA isolated from individual endosperms was loaded as described (11) . These blots were probed with the gene-specific oligonucleotide probes for the A and B genes (9) .
DNA was isolated from the same endosperm samples as the RNA and from leaves as described (11) . Genomic Southern blots of these samples were prepared after digestion with the appropriate restriction enzymes, and hybridized to a labelled mixture of 3.7kb Sal I fragments of the A and B genes isolated from a cosmid clone of the S allele from the inbred line W22 (See Fig 1) . All DNA hybridizations were performed in 50% formamide at 42 °C, and stringent washes were for 60 min. at 65°C in O.lxSSC.
kb
Cloning and sequencing of Rb Genomic DNA from pooled endosperms of two selfed A188 plants segregating for the Rb and S alleles was isolated as above and further purified on a CsCl gradient. The DNA was digested with Bam HI and fractionated on a 10-40% (w/v) linear sucrose gradient to isolate a fraction enriched for the Rb band of 12kb. DNA from this fraction (500 ng) was ligated to 1 /ig Bam rfldigested X EMBL3 arms, and packaged in vitro. This library was plated on the host strain K802, screened with the same probe as above, and 13 positive plaques were purified. DNA from several positive clones was digested with Bam HI, and subcloned into pUCl 19. The 3.5kb Pst I fragment from one of these (see Fig 1) was further subcloned, and oriented deletions were made from either end with the exonucleaselll-mung bean nuclease method (12) . Double stranded DNA from these clones was sequenced using the dideoxy chain termination method. Sequence data (X58197) were compiled and comparisons were made using the sequence analysis software package from the University of Wisconsin Genetics Computer Group.
RESULTS
Detection and expression of the Rb Allele
The Rb allele was discovered through experiments designed to compare the expression of the A and B genes through endosperm development in A188. RNA was isolated from immature endosperms of selfed A188 plants on various days after pollination (DAP); one sibling of these plants had been shown to be B H M »»23M2a homozygous for the 5 allele. When these were probed with the B gene-specific oligonucleotide probe (Fig. 2 , panel B), mRNA accumulation through development appeared to be the same as in W23 (9) . Note that in Fig. 2 , each DAP corresponds to a different sibling plant. However, when the same blot was hybridized to the A gene-specific oligonucleotide probe (Fig. 2 , panel A), some samples appeared to have either no detectable level (DAPs 18, 24) or a reduced level (DAPs 14 and 16) of A gene transcripts, whereas others had normal levels (DAP 20) . This was different from W23, which had a constant ratio of A to B transcripts at all times after pollination (9) . The reduction in A transcript levels in A188 can be due either to a lack of expression of the A gene of the 5 allele in endosperms of particular plants or to the presence of a new segregating allele which did not contain the A gene. Differential methylation, which affects the activity of the maize transposon Ac (14) , provides a mechanism for the first possibility, and formation of the Ra allele in other A188 stocks (1) is a precedent for the second.
To distinguish between these, endosperm DNA from these samples was compared to DNA from W23 endosperms by Southern blot hybridization using various restriction enzymes (Fig. 2) . With Eco RI, two bands of 11.5 and 7.5kb represent the duplicated allele. Comparison of the Eco RI pattern in Fig. 2 with the RNA data shows clear correspondence between the loss of A gene transcripts and the appearance of a new band of 9.3kb. In a plant with normal levels of A transcripts (DAP 20), this band is absent whereas in those with no A transcripts (DAPs 22, 24) only the new band and neither of the two progenitor bands are present. In cases of intermediate A transcript levels (DAPs 12, 14, 16), this band is present in intermediate levels relative to the 11.5 and 7.5kb bands of the S allele (the faint bands of higher MW in some lanes stem from incomplete digestion of genomic DNA). Similar results were obtained with all tested enzymes, which included Apa I, Bam HI, Bgl n, Cla I, Dra I, Hind m, Kpn I, Pst I, Pvu I, Sac I, Sal I, Sea I and Xba I. These observations are difficult to explain by methylation differences, since it is unlikely that methylation can affect sites for all enzymes tested.
B
Nucleic Acids Research, Vol. 19, No. 12 3327 To investigate this on the genetic level, DNA and RNA were prepared from single endosperms of a plant corresponding to DAP 16 with an intermediate level of A gene transcripts. RNA was loaded on slot blots and probed sequentially with the genespecific probes, and DNA was digested with Pst I, which gives bands of 7 and 3.3kb from the S allele (Fig. 3) . Note that the oligonucleotide probe for B was diluted three-fold to give comparable band intensities for A and B transcripts. Here also, complete correspondence was observed between the appearance of a new band of 3.5kb and the reduction of A transcripts. In addition, the relative ratios of B to A transcripts (quantified by densitometry, data not shown) and ratios of the new 3.5 and the old 3.3kb bands are consistent with the 1:2 and 2:1 ratios expected for triploid endosperm from a selfed heterozygous plant. These results suggest a segregating allele of the 27kD locus containing only the B gene. The new 9kb Eco RI and 3.5kb Pst I bands and the loss of the binding site for the A probe in this allele (termed Rb for recombinant with the B gene) are best explained by a homologous recombination event between the highly similar 5' flanking sequences of the A and B genes.
This should give rise to a deletion of genomic DNA. For instance, the S allele has one Bgl U site 3' of the B gene while the next 5' site is >25kb away. In Fig. 2 , S/S A188 leaf DNA has a band of >23kb, whereas DNA from DAP 22 and 18, which have only the new allele has only a lower band of <23kb, as expected for a deletion. Similarly, Cla I has one site 3' of the B gene, one in the region between the repeats, and the next 5' site is >20kb away. Recombination causes the deletion of the site between the repeats, and the 5kb band is shifted to a large one (Fig. 2) . Since Cla I cuts maize DNA infrequently (6) , the large fragment is not visualized clearly.
We do not know whether this allele is formed during meiosis or early in development during mitosis, a pathway similar to the formation of Ra. In either case, the newly formed Rb allele should become heritable. Indeed, in Fig. 4 The Rb crossover site could not be defined as narrowly as the Ra site due to the extensive homology in the crossover region. The Pst I site mentioned above, which is absent in Rb and the B genes, but present in the A genes, defined the 3' end of this crossover zone. The 5' end was defined by the mutation at position 1728, where the B gene had eleven repeats of the dinucleotide TA, whereas Rb and the A gene had only ten. At the only other difference 5' of this point between the A and B genes, Rb was similar to the A gene. There was no obvious insertion or deletion similar to those created at excision sites of transposons in maize (15) , although the deletion of an A residue at position 2402 within the crossover region may be a candidate.
Cloning and sequence analysis of the Rb allele Segregation of a heritable Rb allele simplified the cloning and molecular characterization of the recombination product from a single event. Size fractionated endosperm DNA, enriched for the BamHl fragment of the Rb allele from plants corresponding to samples d20 and d22, was used to make a partial genomic library in X EMBL-3, and 13 positive plaques were purified. Seven of these were compared by Southern blot hybridization to a cosmid clone of the S allele from W22 (Fig. 4, lower panel) . Six of the positive clones had the single BamHl band diagnostic for the Rb allele (see upper panel); this was also the case for the other six (not shown). However, one clone contained the larger of the two BamHl fragments of the 5 allele, and probably arose from incomplete separation in the sucrose gradient.
Sequence data from the Sail site at the 5' flanking region to the Pstl site in the coding sequence of Rb (Fig. 1 ) was compared to the corresponding regions of the A and B genes from A188 (10), and to the W22 A and B genes (13) . Fig. 5 is a schematic representation of the comparisons, which span 3100 bases. Note that both A genes contained three Pst I sites whereas Rb and the B genes had only two (first and third lines of Fig. 5, position  2896) . Surprisingly, Rb carried some nucleotide changes in its 5' region compared to the A188 S allele, and was more homologus to the 5 allele of W22. This was particularly noteworthy since A188 sequences were determined from cloned DNA of sibling plants with the two alleles. 
DISCUSSION
Both the Rb and the S alleles of A188 were cloned from the same stock of A188. Three possibilities can explain the heterozygosity at the 27kD locus in this stock, namely pollen contamination, residual heterozygosity from the original parents and recombination of the S allele in A188. Pollen contamination is always a possibility, particularly since Rb is more similar to W22 than A188. Still, this is unlikely since we have not yet identified another maize line with Rb and since A188 has a distinct dwarf phenotype whereas its hybrid progeny are tall due to heterosis. Also, A188 kernels are white, due probably to the y allele, while most inbred lines, including W22, are yellow. Pollen contamination is easily detected by color in kernels and by unmistakable yellow-white segregation in the next generation.
Residual heterozygosity from the original parents is also unlikely, since the stock used in these studies dates from approximately 40 years after the release of A188 (23), and should, therefore, be homozygous. The third possibility is recombination of the S allele during the propagation of A188, which has a precedent in the generation of the Ra allele. The Rb allele could have been formed from S by unequal crossover in meiosis, as for the duplicated genes of the R locus in maize (21) . This, however, should also yield a triplication, with two A genes and one B gene. Though we have not observed a triplicated allele in A188 stocks, our surveys may not have been extensive enough, or the triplicated allele may be associated with reduced viability. A second possibility is a homologous infrachromosomal recombination between the two repeats, of meiotic or mitotic origin. A mitotic origin has two precedents. One is the Ra rearrangement of this locus, which can occur in mitotic divisions (1). Second, increased mitotic recombination relative to meiotic recombination was demonstrated in transgenic tobacco, utilizing a duplicated construct stably integrated into the genome (22) .
If the recombination model is correct, what is the explanation for the greater sequence similarity of Rb to the 5 allele in W22 than to A188? Comparisons of the sequences of the 5 alleles of A188 and W22 indicate an intrachromosomal copy correction mechanism at the 5' regions of the two duplications (10) . But with the loss of one repeat, this mechanism is eliminated for Rb and copy correction in A188 would cause sequence changes only in the duplicated allele. This would explain why the W22 allele is virtually identical to Rb, whereas otherwise, one may have expected copy correction in W22 to generate differences from Rb that are conserved between the repeats in W22. This model should be testable by PCR sequencing of the relevant regions.
In any case, we have now derived from the 5 allele two recombinant germinal alleles, whose crossover sites flank the coding region of the 27kD zein gene. Gene dosage results obtained previously (9) and here (Fig. 3 , and densitometric scans of this data) demonstrate good correlation between mRNA accumulation and dosage of the corresponding A and B genes. Dosage changes of either gene were rendered possible by the expression of the S allele in heterozygous states with either the Ra or the Rb allele. This correlation suggests cu-acting sequences for gene expression that are conserved, despite the elimination of parts of the 5 allele by recombination. On the other hand, recombination yields hybrid A and B genes with the fusions of the two sequences defined by the respective crossover sites. Given that hybrid genes can be formed by exchanging either the 5' or the 3' flanking sequences of the two genes without apparent change in the accumulation of either mRNA, one would expect that any regulatory signals in these flanking regions are interchangable. However, the differential accumulation of A and B messages should correlate to sequence differences within the regions flanked by the 5' and 3' crossover sites. Sequence differences within this region can in turn be utilized to localize a potential m-acting signal for a mechanism that lead to the differential accumulation of mRNA.
The sequences of the 5' flanking regions of the two genes are identical for 2.8kb in W22, except for two differences. Rb is identical to the A gene at these positions and further upstream; therefore, differences here and further upstream cannot cause the expression difference. Ra is identical to the B gene at positions 3' of the Ra crossover site, between 188 and 220bp 3' of the stop codon (between positions 857 and 889 in Fig. 6 ). Therefore, sequences 3' of this point cannot be responsible, including the 'GT box' of sequence TGTGTTT (position 897, Fig. 6 ), that had been previously considered as a possible target for the differential expression of these genes (9, 16) . This also argues against distant enhancer or silencer elements. Models in which the presence of a transcribed upstream gene increases transcription of a downstream gene (17) , are ruled out since the single Rb gene maintains high expression. DNA modifications, such as differential methylation, should also act on only the sequences between these endpoints, since the recombinant alleles are likely to have inherited parental methylation in the flanking regions. Opposite strand transcription has been shown to be absent for these genes (Wu, L., Ueda, T. and Messing, J. unpublished).
Therefore, the coding sequences and 188bp of 3' flanking region are likely to be the sites of ris-acting sequence differences (Fig. 6 ). Of the 188bp 3', the first 147 bases are identical between all A and B genes. The remaining 37 bases contain eight differences in W22 (between positions 821 and 858, Fig. 6 ). However, seven of these are not found in A188, and are unlikely to cause differential expression, since these inbred lines show similar expression of each gene (data not shown). One difference, a G -A change, is conserved between the three A genes relative to the two B genes (position 826, Fig. 6 ). This single base change at position 826 is immediately adjacent to the second of the two poly-A signals (AATGAA, Fig. 6 ), and precedes the 3' end of the A transcript at position 842 (18) . The location of this sequence difference points to potential difference in transcript stability or processing (19) . Within the coding sequences, only three differences are conserved (positions 339, 438 and 448). The location of these differences also point to differential transcript stability or processing (20) . In summary, these four base changes help us define potential signal sequences for factors involved in the differential accumulation of mRNA. Nuclear run-off analysis of transcription in developing endosperm tissue (11) from homozygous Ra and Rb plants, and gene fusion experiments in transgenic or transient expression systems (24) should clarify whether the differential regulation occurs at the DNA or RNA level, and which of the above sequence differences acts as the cis-acting signal. TGTGCGGtCT GCAGCAGCCG ACTCCATGCC CCTACGCTGC   651  700  TGCCGGCGGT GTCCCCCACT GAAGAAACTA TGTGCTGTAG TATAGCCGCT  TGCCGGCGGT GTCCCCCACT GAAGAAACTA TGTGCTGTAG TATAGCCGCT  TGCCGGCGGT GTCCCCCACT GAAGAAACTA TGTGCTGTAG TATAGCCGCT  TGCCGGCGGT GTCCCCCACT GAAGAAACTA TGTGCTGTAG TATAGCCGCT  TGCCGGCGGT GTCCCCCACT GAAGAAACTA TGTGCTGTAG TATAGCCGCT W22-A 
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